VERTICAL DATUM
Sea level: In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)-a geodetic datum derived from a general adjustment of the first-order level nets of both the United States and Canada, formerly called Sea Level Datum of 1929. digital data sets were developed to help waterresource managers determine surface-water resources during periods of low flow in New Hampshire streams. These regression equations and data sets were developed to estimate streamflow statistics for the annual and seasonal low-flow-frequency, and period-of-record and seasonal period-of-record flow durations. Generalized-least-squares (GLS) regression methods were used to develop the annual 7Q10 low-flow-frequency regression equation from 60 continuous-record stream-gaging stations in New Hampshire and in neighboring States. In the regression equation, the dependent variables were the annual 7Q10 flows at the 60 stream-gaging stations. The independent (or predictor) variables were objectively selected characteristics of the drainage basins that contribute flow to those stations. In contrast to ordinary-least-squares (OLS) regression analysis, GLS-developed estimating equations account for differences in length of record and spatial correlations among the flow-frequency statistics at the various stations.
A total of 93 measurable drainage-basin characteristics were candidate independent variables. On the basis of several statistical parameters that were used to evaluate which combination of basin characteristics contribute the most to the predictive power of the equations, three drainage-basin characteristics were determined to be statistically significant predictors of the annual 7Q10: (1) total drainage area, (2) mean summer stream-gaging station precipitation from 1961 to 90, and (3) average mean annual basinwide temperature from 1961 to 1990.
To evaluate the effectiveness of the streamgaging network in providing regional streamflow data for the annual 7Q10, the computer program GLSNET (generalized-least-squares NETwork) was used to analyze the network by application of GLS regression between streamflow and the climatic and basin characteristics of the drainage basin upstream from each stream-gaging station. Improvement to the predictive ability of the regression equations developed for the network analyses is measured by the reduction in the average sampling-error variance, and can be achieved by collecting additional streamflow data at existing stations. The predictive ability of the regression equations is enhanced even further with the addition of new stations to the network. Continued data collection at unregulated streamgaging stations with less than 14 years of record resulted in the greatest cost-weighted reduction to the average sampling-error variance of the annual 7Q10 regional regression equation. The addition of new stations in basins with underrepresented values for the independent variables of the total drainage area, average mean annual basinwide temperature, or mean summer stream-gaging station precipitation in the annual 7Q10 regression equation yielded a much greater cost-weighted reduction to the average sampling-error variance than when more data were collected at existing unregulated stations. To maximize the regional information obtained from the stream-gaging network for the annual 7Q10, ranking of the streamflow data can be used to determine whether an active station should be continued or if a new or discontinued station should be activated for streamflow data collection. Thus, this network analysis can help determine the costs and benefits of continuing the operation of a particular station or activating a new station at another location to predict the 7Q10 at ungaged stream reaches. The decision to discontinue an existing station or activate a new station, however, must also consider its contribution to other water-resource analyses such as flood management, water quality, or trends in land use or climatic change.
INTRODUCTION
The network of stream-gaging stations operated by the U.S. Geological Survey (USGS) and other agencies throughout the United States provides essential data for water-resource management. Using data collected from the stream-gaging network in New Hampshire and the surrounding States, Flynn (2002) developed regression equations and a geographic information system (GIS) to estimate low-flow statistics (seasonal and annual low-flow frequencies, and seasonal period-of-record and period-of-record low-flow durations) at ungaged and unregulated stream reaches in the New Hampshire. That study was done by the USGS, in cooperation with the New Hampshire Department of Environmental Services (NHDES), to provide streamflow statistics for the State of New Hampshire for use in the management of sustainable water resources for the benefit of water users and the environment.
Operation of a stream-gaging network is costly, and a network analysis is an objective method of determining the most cost-effective network for providing estimates of a particular streamflow statistic in a region. Network analysis results can help determine the tradeoff between the future costs of operating the network and the overall reduction in the prediction error of the regression equations (Thomas, 1994) that are used to determine the flow statistic of interest. The effectiveness of a particular stream-gaging station is determined by how much the data collected reduces the prediction error. In general, a cost-effective network covers the region of interest, has an adequate period-of-record, and includes the range of critical drainage-basin and streamflow characteristics in the region (Straub, 1998) .
This USGS network analysis was conducted, in cooperation with the NHDES, to determine the most cost-effective strategy for collecting streamflow data for estimating the value of the low-flow statistic called the "7Q10" by use of the annual 7Q10 regression equation developed by Flynn (2002) . The annual 7Q10 low flow is defined as the annual minimum average 7-consecutive-day streamflow that has an annual nonexceedence probability of 0.10, or that is expected not to be exceeded in 1 of 10 years. Low-flow statistics such as the 7Q10 are widely used for managing water quality through the regulation of wastewater discharges to receiving waters and for the estimation of surfacewater availability for domestic, agricultural, industrial, and recreational uses and for aquatic-habitat maintenance. The annual 7Q10 low-flow regression equation (Flynn, 2002) was developed using dailymean flows for all of the complete climatic years of record at each stream-gaging station through 1999 to determine low-flow statistics. The season for the n-day low flow typically is the climatic year that begins on April 1 and ends on March 31 of the following year. The station network was evaluated for the current (through climatic year 1999) condition (or zero-year planning horizon) of the network, as well as for estimated conditions of various network strategies if streamflow data were collected for an additional 5 and 20 years (5-and 20-year planning horizons).
Purpose and Scope
The purpose of this report is to describe the results of an analysis of the New Hampshire streamgaging network to assess the contribution of individual stream-gaging stations to the total streamflow information provided by the network for the annual 7Q10, and to explore the cost-effectiveness of various network scenarios. In addition, this report describes how the network analysis was developed and evaluated.
A network analysis of the stream-gaging stations provides a quantitative measure of the contribution of each active, discontinued, and potential station in providing information on the annual 7Q10. Only unregulated streamflow data were used to develop regression equations for estimating the annual 7Q10. In order to determine the contribution of the data for each station site to regional streamflow information, the network analysis used regression equations in combination with information on location, period-ofrecord and cost of operation. The contribution to the effectiveness of the analyses for each station was based on the cost-weighted reduction of the mean square error (average sampling-error variance) associated with the regional regression equation developed for the annual 7Q10 low-flow statistic. Each station was analyzed and ranked according to this cost-weighted reduction of the mean square error.
Previous Studies
Previous studies in which the network-analysis method was used to evaluate the effectiveness of a stream-gaging network to provide regional information include those for Kansas (Medina, 1987) , Kentucky (Ruhl, 1993) , and Ohio (Straub, 1998) . In those studies, data from existing stations were used in combination with hypothetical stations to evaluate current and potentially new networks for various planning horizons.
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METHOD FOR NETWORK ANALYSIS OF ANNUAL 7-DAY, 10-YEAR LOW FLOW
A stream-gaging-network analysis is used to maximize the regional station information for a given period of time and budget or to determine the effect of a change in a station's operating budget on the information provided by the network. The regional regression approach used in the GLSNET (Tasker and Stedinger, 1989) computer program evaluates the likelihood of improving the regression relation between basin characteristics and a streamflow statistic by the addition of streamflow data. In this study, the annual 7Q10 was selected because many State and local agencies use this statistic to regulate wastewater discharges to surface waters. In contrast to ordinaryleast-squares (OLS) and weighted-least-squares (WLS) regression, GLS regression accounts for crosscorrelation between concurrent stream-gaging station record and for varying lengths of record among stations.
Description of Method
The network analysis for this study involved the use of GLSNET. This program uses GLS regression methods to estimate the prediction error at each station for selected streamflow characteristics. There are two parts to the prediction mean square error: the model error and the sampling error. The prediction mean square error, or variance of prediction, for an ungaged site is calculated as the square root of the sum of the model error and the sampling error. The GLSregression method evaluates the benefit of additional data collection by considering the model error and sampling error separately. The model error can be improved by developing a better model, and the sampling error can be improved by collecting additional streamflow data (Straub, 1998) . The objective of the stream-gaging-network analysis is to obtain the largest reduction in sampling error, which is equivalent to the most improvement in the regional streamflow information (Thomas, 1994) . For a given planning horizon and regression model, the networkanalysis method can be used to improve the regional information by minimizing the average sampling-error variance of the gaging-station network subject to budgetary constraints (Straub, 1998) .
The developed regression equation for the annual 7Q10 for 5-and 20-years in the future (planning horizon) was used in a network analysis to improve the regional streamflow data by minimizing the average sampling-error variance of the stream-gaging network without consideration of any future budgetary constraints. The model error is assumed to be constant in the network analysis. The average sampling-error variance is a measure of the error in the average regression prediction in a region that results from estimating with sample estimates of the regression coefficients (Ruhl, 1993) . The average sampling-error variance is a function of the record length of the stations, location of the stations in relation to one another, and the values of the basin and climatic and streamflow characteristics used in the regression equation. In addition to those properties that affect the average sampling-error variance, the cost of the operation and maintenance of a station can be applied to each station to determine if the cost-weighted contribution of the station will reduce the average sampling-error variance. Because of these properties, the average sampling-error variance was used to evaluate whether to add additional station sites in a network analysis or to rely solely on the current network (Ruhl, 1993) . The network-analysis results help determine whether to spend available resources collecting additional data at active sites, add new sites, or do both. The addition of new stations (or the reactivation of discontinued stations) to the network will enhance the predictive ability of the regression model by increasing the number of observation points, whereas the continued operation of the active stations will improve the predictive ability of a regional regression model by reducing the sampling errors in the flow statistics at the stations. The additional streamflow data will increase the reliability of the estimated regression coefficients by reducing the average sampling-error variance of the regression equations. The length of time over which additional data are to be collected is referred to as the "planning horizon." The number of years selected for the planning horizon results in an associated reduction in the average sampling-error variance. Typically, the largest relative decreases in average sampling-error variance are achieved for the stations with the fewest years of record. Tasker and Stedinger (1989) describe the mathematical formulation of the network analysis methods used in this study. In addition to evaluating the probability of improving the regression relation, GLSNET is used to determine the relative contribution of each station in providing streamflow information if additional streamflow data were collected for a specified time period. A step-backward algorithm is used to determine which stations provide the smallest cost-weighted reduction in the average sampling variance. Each station is then incrementally removed from the network (in the order of increasing contribution to error-variance reduction) until no stations remain. The last station that is removed from the network analysis contributes the largest costweighted reduction in the average sampling-error variance. The order that the stream-gaging stations are removed from the network can be used to rank each station by its relative contribution to the regression information for each flow characteristic and each planning horizon (Straub, 1998) .
A database containing a representative set of drainage basins for the low-flow analysis was developed on the basis of the following criteria: (1) a station (whether active or discontinued) was required to have a minimum of 10 years of continuous-record data, as shorter records may not provide a sufficient sampling of the variation that may exist in the population; (2) natural streamflow was not significantly affected by regulation, diversion, or augmentation and (3) in Vermont, only those stations in the Connecticut River Basin were included in this study, and in Maine and Massachusetts, only those stations within 25 mi of the New Hampshire border were included. The data from all 60 of the unregulated stations used in the development of the annual 7Q10 regression equation (Flynn, 2002) were included in the network analysis for the annual 7Q10. All of the streamflow data included in this study were unregulated for the period used in the analysis. Streamgaging station records through climatic year 1999 were used to compute the annual 7Q10 for each of the stream-gaging stations and lengths of record ranged from 10 to 95 years. The names and descriptions of the 60 stream-gaging stations are shown in table 1. The locations of the stations, streams, associated drainage basins, and towns are shown on figures 1 and 2.
The values of 93 physical and climatic (seasonal and annual) basin-characteristic explanatory variables (independent variables in the regression equations) were determined for each of the 60 unregulated stations (Appendix 1). Most of the basin characteristics were determined within a GIS (Environmental Systems Research Institute, Inc., 1994) using available and created data layers. Three of the 93 basin and climatic characteristics were determined to be the most statistically significant in explaining the variability of the dependent (response) variable of annual 7Q10. The annual 7Q10 equation as determined in Flynn (2002) is:
(1) 7Q10 1.28 10 5.33
1.28 bias correction factor; 10 5.33 constant;
DA total drainage area, in square miles; ABT average mean annual basinwide temperature, in degrees Fahrenheit; and SGP average summer precipitation at the stream-gaging station, in inches. 
Application of the Method to the New Hampshire Stream-gaging Network
In the regression analysis, all unregulated stations with streamflow records greater than 10 years were included in the analyses. In the network analysis, all unregulated stations with less than 10 years of record were included as new stations. Only three unregulated stations with records less than 10 years were within the geographic boundaries of the low-flow regression analyses (Flynn, 2002) . All of the basin and climatic characteristics were determined on the basis of actual characteristics within a GIS. The measured basin characteristics for the stations used in the regression and network analysis are provided in table 2.
Three planning horizons for the collection of streamflow data were considered in this study. The 0-year planning horizon represents the current (1999) conditions and includes no additional data collection. The 5-year planning horizon represents the short term, and the 20-year planning horizon represents the longterm period of additional data collection. GLSNET network analysis requires that a cost be assigned to all stations in the network. The assigned cost varies depending on which planning horizon is being considered. An operation and maintenance cost was assigned to each station used in the analysis based on whether it was active or discontinued. Most of the stations in New Hampshire and Vermont have nearly equal standard operation and maintenance costs; therefore, the active stations were assigned an identical cost in GLSNET. A cost equal to one unit was assigned to each currently active unregulated station. Discontinued stations that could provide unregulated streamflow record if they were reactivated were assigned a cost equal to the active stations plus the cost to reactivate the gage. This cost was distributed over the planning horizon. New stations with less than 10 years of record were included in the network analysis for the 5-and 20-year planning horizon but were not considered for the 0-year planning horizon as additional data collection would not influence the results of the analysis. Similar to the discontinued stations, new stations were assigned a cost equal to the active stations plus the cost to activate the gage, which was distributed over the planning horizon.
Regulated stations, or those subject to diversion, were excluded from the network analysis because only active, unregulated stations can contribute additional regional information. Stream-gaging stations were ranked in reverse order from the order in which the GLSNET model removed them from the network. This ranking indicates the order of importance of the stations in providing regional streamflow information for the annual 7-day, 10-year low-flow statistic. For example, for a particular planning horizon, the station that was assigned the rank of one was the station that provided the largest cost-weighted reduction in average sampling-error variance for the annual 7Q10.
NETWORK ANALYSIS SCENARIOS
Three network analysis scenarios were looked at for improving the sampling-error variance of the annual 7Q10 regression equation. In scenario 1, drainage basins with underrepresented geographic locations or underrepresented values of drainage area used for developing the regression equations were added to the network analysis. In scenario 2, drainage basins with underrepresented values of the regression equation independent variables of ABT and SGP were added to the network analysis. In scenario 3, two groups of prospective stream-gaging stations were added to the network analysis. One group was located in northern New Hampshire and the other group was located in southern New Hampshire.
Scenario 1
For scenario 1 of the network analysis, four different situations were assessed for the 5-and 20-year planning horizons. The first situation excluded the addition of any new stations to the 60 currently active stations for the 5-and 20-year planning horizons ( fig. 3) . The second situation added three unregulated stations for the 5-and 20-year planning horizons ( fig. 3 ). These three stations are currently (1999) active and unregulated but have less than 10 years of data. The USGS stream-gaging station numbers are 1064801, 1079602, and 1079900 (reference numbers 61, 63, and 64, respectively in table 3) with drainage areas of 67.6, 6.38, and 6.99 mi 2 , respectively. The third situation included the three previously mentioned stations plus two other USGS stations, numbered 1073500 and 1081000 (reference numbers 62, and 65, respectively in table 3), which are currently (1999) regulated with drainage areas of 183 and 471 mi 2 , respectively ( fig. 4 ) for a total of 5 new stations. These two stations are in an area that is not well represented in the network data and were included in the network analysis as if they were unregulated. These two stations represent proposed sites on unregulated streams with basin characteristics similar to those of stations 1081000 and 1073500. The fourth situation ( fig. 4) added the three previously mentioned stations (USGS gage stations, numbered 1064801, 1079602, and 1079900) and two hypothetical stations. The two hypothetical stations were added in the same underrepresented area as stations 1081000 and 1073500 for a total of 5 new stations. A drainage area of 525 mi 2 was assigned to each of these stations because this value is near the upper limit of the drainage areas used in the study and is not well represented in the streamflow data. The addition of two large basins with underrepresented drainage areas in the network analysis may not be as important in reducing the average sample-error variance for the 7Q10 as including station data from small drainage basins in underrepresented areas in the data. In a network analysis for Kentucky, peak-, mean-, and lowflow data were considered (Ruhl, 1993) , and the reduction of the average sampling-error variance was most pronounced for the stream-gaging stations in drainage areas less than 100 mi 2 . In the Ohio study, which also considered peak-, mean-and low-flow data (Straub, 1998) , the reduction of the average samplingerror variance was most pronounced for drainage areas less than 200 mi 2 . The effect of streamflow data provided by the new stations decreased as the size of the drainage area increased. Both situations three and four had similar results but only the results of situation 3 were reported in table 4. 
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Scenario 2
For scenario 2 of the network analysis, stations 1064801, 1079602, and 1079900 (reference numbers 61, 63, and 64, respectively in table 3), currently (1999) active and unregulated with less than 10 years of streamflow data, were analyzed with 11 basins (reference numbers 62, 66, 67, 68, 69, 70, 71, 72, 73, 74 , and 75 in table 3) for a total of 14 new stations. These 11 basins have values that are underrepresented with respect to the independent variables of ABT or SGP used in the development of the annual 7Q10 regression equation (fig. 5 ). Scenario 2 was assessed for both the 5-and 20-year planning horizons.
Scenario 3
For scenario 3 of the network analysis, two situations were assessed for both the 5-and 20-year planning horizons. In the first situation, unregulated stations 1064801, 1079602, and 1079900 (reference numbers 61, 63, and 64, respectively in table 3), that are currently active and have less than 10 years of streamflow data, were analyzed with seven other basins (reference numbers 66, 69, 70, 71, 72, 73, and fig. 6 ), for a total of 7 new stations. Scenario 3 was assessed for the 5-and 20-year planning horizons. The dividing line between southern and northern New Hampshire was set at Lake Winnipesaukee. All of the basins selected represent proposed stations on unregulated streams with basin characteristics similar to those of the stations used in the regression and network analyses. 
RESULTS OF THE STREAM-GAGING NETWORK ANALYSIS
The average sampling-error variance of the annual 7Q10 regression equation for the current (1999) network was determined using GLSNET. The average sampling-error variance for various network strategies also was determined if additional streamflow data were collected at stations in the network. The average sampling-error variance computed for the current (1999) annual 7Q10 flow characteristic (0-year planning horizon) and the estimated average samplingerror variances for the 5-and 20-year planning horizons, including and excluding new stations, are shown in table 4. The average sampling-error variances are the result of the network analyses in which all available stations (active and discontinued) with unregulated streamflow contribute to the regional information. Continued operation of the network will result in a decrease in the average sampling-error variances and a greater decrease is expected if the network is expanded through the addition of new stations. The decrease in the average sampling error as a function of the number of stream-gaging stations being operated is presented in figures 3, 4, 5 and 6, and in table 4. Average sampling-error variance is expressed in base 10 logarithmic units squared. In figures 3-6, the circle symbol represents the current conditions (1999 or zero-year planning horizon), which is the average sampling-error variance if no stations were continued nor added, and is the average samplingerror variance associated with the GLS regression equation.
The curves associated with each scenario, including or excluding new stations, have different starting locations for zero sites operated because the average sampling-error variances are computed over different stream-gage networks. The points on the graphs represent sampling errors such that the station that is most effective in reducing the sampling error is at the left and each station toward the right is progressively less effective. The slope of the graph represents the marginal decrease in average samplingerror variance associated with the operation of a particular station (including new stations) used in the network analysis. The graphs show that a reduction in sampling error is greater for a 20-year planning horizon than for a 5-year planning horizon. This reduction in error is related to increased record length. The steep part of each curve represents those stations that are the most effective in reducing the sampling-mean-square error. The flat part of the curve indicates those stations whose future operation would contribute little to the reduction of the sampling error for the annual 7Q10 low-flow statistic. These stations could be considered for discontinuance based solely on the contribution of each to the regional annual 7Q10 low-flow statistic. Their operating costs could then be applied toward new stations that would contribute more toward the reduction of the sampling error (Thomas, 1994) . Although, in figures 3, 4, 5, and 6, it appears that the first 5 to 15 stations account for the largest percentage reduction in average sampling-error variance, the composition of the first 5 to 15 stations changes as a function of planning horizon and network strategy. Each station contributes to the overall information that is provided by the stream-gaging network; however, the amount of information provided depends on the variability of streamflow, the combination of physical and climatic characteristics, and the length of record at the end of each planning horizon (Medina, 1987) . Because of this relation, each station has a unique affect on the average samplingerror variance.
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NUMBER OF STATIONS OPERATED (OR RANK) AVERAGE SAMPLING-ERROR VARIANCE
Other factors must also be taken into consideration when locating new stations. Although the network analysis may indicate that a new site has particular basin characteristics that are helpful in reducing the average sampling-error variance, a new stream-gaging site with these exact, particular basin characteristics may be difficult to locate. In addition to the value of a station in providing a range of streamflow information, other factors that must be considered in locating a station are hydraulic conditions, accessibility to the stream, and human activities in the basin that may affect the stream characteristics (Ruhl, 1993) .
Selected basin characteristics of the actual and hypothetical stream-gaging stations used in the network analysis for network scenarios 1-3 in New Hampshire can be found in table 4. The locations of the additional stations included in the network analysis in scenario 1 can be found on figure 7. The locations of the additional stations included in the network analysis in scenario 2 and 3 can be found on figure 8.
If no new stations are added to the network for the three scenarios, the average sampling-error variance from current (1999) conditions is reduced by 1.47 percent and 5.15 percent for the 5-and 20-year planning horizons, respectively (table 4). In scenario 1, a reduction in the average sampling-error variance of 7.36 percent will result after 5 years with the addition of five new stations as compared to the 0-year planning horizon. After 20 years, the average sampling-error variance is reduced by 11.63 percent with the addition of five new stations as compared to the 0-year planning horizon. A greater reduction in the average samplingerror variance occurs for the 20-year planning horizon with the addition of five new stations as compared to the 20-year planning horizon with no new stations. In scenario 2, the average sampling-error variance is reduced by 14.29 percent after 5 years with the addition of 14 new stations as compared to the 0-year planning horizon. After 20 years, a reduction of 20.03 percent will occur with the additional 14 stations. In scenario 3, the average sampling-error variance is reduced by 10.75 percent after 5 years with the addition of 10 new stations in northern New Hampshire, whereas a reduction of 8.54 percent will result after 5 years with the addition of seven new stations in southern New Hampshire. The average sampling-error variance is reduced by 16.20 percent after 20 years with the addition of 10 new stations in northern New Hampshire, and by 13.70 percent after 20 years with the addition of seven new stations in southern New Hampshire.
These results indicate that the addition of the 14 stations in scenario 2 produced the largest reduction in the average sampling-error variance. The addition of the three active stream-gaging stations on unregulated streams with less than 10 years of record combined with 11 basins, with underrepresented values with respect to the independent variables of ABT and SGP, yielded a reduction in the average sampling-error variance after 5 years and a greater reduction in the average sampling-error variance after 20 years as compared to the reduction in the average sampling error when only three active stations on unregulated streams with less than 10 years of record are added to the network (scenario 1). The results of scenario 3 indicate that the addition of the three active streamgaging stations on unregulated streams with less than 10 years of streamflow record combined with seven other stations in northern New Hampshire that have underrepresented values for the independent variables of ABT and SGP reduced the variance more than by adding the same three active stations on unregulated streams with four other stations in southern New Hampshire, which also have underrepresented values for the independent variables of ABT and SGP.
For these network analyses, using GLS regression equations developed for the annual 7Q10 low flow, minimizing the average sampling-error variance is equivalent to maximizing the available streamflow data. Network-analyses results of the stream-gaging station ranking in order of importance in providing regional streamflow data for the annual 7Q10 low flow is listed in table 5 for the addition of five new stations (scenario 1) and in table 6 for the addition of 14 new stations (scenarios 2 and 3). The stations are ranked by the contributions they make in reducing the average sampling-error variance from the current (1999) conditions associated with the regional regression equations. In this study, as in Ruhl (1993) , it was found that new stations provide the greatest reduction in the average sampling-error variance for current conditions although continuation of many active stations will also improve regional streamflow data.
The network analysis was based on reducing the sampling error by collecting long-term records at existing stations and(or) installing new stream-gaging stations to reduce the spatial-sampling error. If the model error is large in relation to the sampling error, then little improvement can be expected in the standard error of prediction by collecting additional streamflow data (Thomas, 1994) . By reducing the model error, if it is large in comparison to the sampling error, the value from the collection of additional streamflow data can be properly evaluated (Thomas, 1994) . The model error in this study was 0.0852 (log 10 units squared) for the annual 7Q10 and the sampling error was 0.0068 (log 10 units squared). The model error is assumed to be constant for the network analysis, but it could be improved by developing a better regression model. 
River name Location
Station ranking for the annual 7-day, 10-year low-flow statistic 0-year planning horizon 5-year planning horizon 20-year planning horizon Table 6 . Station ranking in order of importance in providing regional streamflow information for the annual 7-day, 10-year low-flow statistic (with an additional Table 6 . Station ranking in order of importance in providing regional streamflow information for the annual 7-day, 10-year low-flow statistic (with an additional 14 stream-gaging stations) for the 0-, 5-, and 20-year planning horizons for scenarios 2 and 3--Continued 
SUMMARY AND CONCLUSIONS
Streamflow data sets, hydrologic statistical relations, and a geographic information system (GIS) of coverages for the state of New Hampshire were developed by the U.S. Geological Survey (USGS), in cooperation with the New Hampshire Department of Environmental Services (NHDES). These streamflow data sets will aid in the management of water resources in a sustainable manner for the benefit of water users and the environment.
Results of the network analysis can be used to review the stream-gaging network in New Hampshire. The rank of each station, based entirely on its contribution to the regional streamflow information for the annual 7Q10 low-flow statistic, can be used to assist in determining whether to continue the operation of existing stations, add new stations, or reestablish discontinued stations. Station rank, however, should not be the only consideration concerning stream-gaging station operations. Prior to making any modifications to the stream-gaging station network, a number of other factors need to be addressed. The network analysis was done to maximize the available streamflow information for the 7Q10 low-flow statistic; however, data from a station are used for a variety of purposes in addition to providing information with which to derive equations for estimating low-flow characteristics. Other potential uses of station data include providing flood forecasting, operational information for water-resource facilities and information on impending drought conditions, assessing trends in flow and chemical-loading characteristics, and evaluating surface and ground-water interactions (Straub, 1998) . High-and mean-flow streamflow characteristics can be evaluated in a network analysis in a similar manner to that of low flow to determine more accurately whether or not a station should be added or removed from the stream-gaging station network. As many stations have more than one category of use, it is not appropriate to rely solely on a network analysis for decisions regarding the removal or addition of stations even though the evaluation using a GLSNET model results in prioritizing gages that provide regional streamflow information. Wahl and Crippen (1984) detailed a number of practical factors that might be considered before altering a stream-gaging station network. These factors include site characteristics, existing and potential beneficial uses of the water, magnitude of water-resource problems, data uses for planning and water-resource management, and economic considerations.
The effectiveness of the stream-gaging network in New Hampshire in providing regional low-flow streamflow information was analyzed by the use of the generalized-least-squares-NETwork (GLSNET) method. GLSNET is a method for network analysis that can be used to either optimize the regional information obtained from a stream-gaging network for a given set of budgetary and time constraints or to provide information that is necessary to make management decisions related to changes in funding. Stream-gaging stations with unregulated record were used to develop regional regression equations for the annual 7Q10 (7-day, 10-year) low flow by means of generalized-least-squares (GLS) regression. The annual 7Q10 is the annual minimum average 7-consecutive-day streamflow that has an annual non-exceedence probability of 0.10, or that is expected not to be exceeded in 1 of 10 years. GLS regression allows for the adjustment of the cross correlation (dependent variable highly correlated with flow characteristics at other stream-gaging stations) in the concurrent record and for differing record lengths between stations. The accuracy of the regional regression equations for predicting streamflow characteristics can be increased by collecting more data at the stations used in the development of the regression equation for the 7Q10 and by adding new stations to the existing stream-gaging network. In general, adding new stations provides greater accuracy in the regional streamflow information. Optimization of the regional information is obtained by minimizing the average sampling-error variance.
The GLSNET network-analysis method is dependent on the GLS regression equations, the location of each station, the number of years of unregulated streamflow record, and the cost associated with each station in order to determine a cost-weighted reduction to the sampling-error variance of each regression equation. Data from stations with 10 or more years of unregulated streamflow record were used to develop regression equations for the 7Q10 low flow. The streamgaging network in New Hampshire was analyzed using these equations for the current (1999) conditions and for additional hypothetical periods of data collection of 5 and 20 years. The stream-gaging network also was analyzed for network strategies that included and excluded new stations. The relative contribution of each station to the reduction of the average samplingerror variance of the regression equations was used to rank the stations.
The results of the network analysis can be used to review the stream-gaging network in New Hampshire. A rank was determined for each streamgaging station; however, this rank is based solely on the contribution of each gage to the regional annual 7Q10 low-flow statistic. To determine whether or not to continue operating existing stations, other factors need to be evaluated as stations rarely are operated for the sole purpose of collecting streamflow data for regional information. Streamflow data are used for many purposes such as the operation of water-resource facilities, correlation with partial-record stations, trend analysis, flood forecasting, and short-term projects. The value of a stream-gaging station increases when there are multiple uses of the data, and a greater weight for continuation of the station may be required than that indicated by a network analysis alone.
APPENDIX 1. BASIN CHARACTERISTICS TESTED FOR SIGNIFICANCE IN THE REGRESSION ANALYSIS
• Total drainage area, in square miles, is the area measured in a horizontal plane that is enclosed by a drainage divide.
• Basin length, in miles, is the length of the basin measured along a line areally centered through the drainage divide data layer from the basin outlet to where the main channel extended meets the basin divide.
• Basin perimeter, in miles, is the length as measured along the entire drainage-basin boundary.
• Average basin slope, in percent, is the average slope of the drainage basin measured using a Digital Elevation Model (DEM) in the computer software ARC-INFO.
• Basin relief, in feet, is the measured difference between the elevation of the highest grid cell and the elevation of the grid cell at the basin outlet. A lattice data layer, created using ARC-INFO, is used to determine the minimum and maximum land-surface elevation.
• Basin azimuth, in degrees, is the direction of a line projected from where the main channel meets the basin divide downslope to the basin outlet (clockwise from north = 0 degrees).
• Basin azimuth, in radians.
• Basin azimuth region: Four quadrants where 0-90 degrees = 1, 90-180 degrees = 2, 180-270 degrees = 3, and 270-360 degrees = 4.
• Effective basin width, in miles, is the ratio of the total drainage area to the basin length.
• Shape factor, dimensionless, is the ratio of basin length to the effective basin width.
• Compactness ratio, dimensionless, is the ratio of the perimeter of the basin to the circumference of a circle of equal area.
• Relative relief, in foot per mile, is the ratio of the basin relief to the basin perimeter.
• Main channel length, in miles, is measured along the main channel from the basin outlet to where the main channel meets the basin divide using centerlined hydrography.
• Main channel slope, in foot per mile, is the slope of the main channel based on the difference in streambed elevation at points 10 and 85 percent of the distance along the main channel from the basin outlet to the basin divide.
• Main channel sinuosity ratio, dimensionless, is the ratio of the main channel length to the basin length.
• Stream density, in miles per square mile, is the ratio of the main channel length to the drainage area.
• Main channel slope proportion, dimensionless, is the ratio of the main channel length to the square root of the main channel slope.
• Ruggedness number, in feet per mile, is the product of the stream density multiplied by the Basin Relief.
• Slope ratio, dimensionless, is the ratio of the main channel slope to the basin slope.
• Minimum basin elevation, in feet, is the minimum elevation in the drainage basin based on the intersection of the basin polygon coverages and the DEMs.
• Maximum basin elevation, in feet, is the maximum elevation in the drainage basin based on the intersection of the basin polygon coverages and the DEMs.
• Mean basin elevation, in feet, is mean basin elevation in the drainage basin based on the intersection of the basin polygon coverages and the DEMs.
• Median basin elevation, in feet, is the median basin elevation in the drainage basin based on the intersection of the basin polygon coverages and the DEMs.
• Ground-water head, in feet, is a surrogate for the effective head in the sand and gravel deposits determined by subtracting the minimum basin elevation from the mean basin elevation.
• Basin elevation group, either a 1 or a 2, is based on the median value of the mean basin elevations for all 60 basins used to develop the regression equations, which is 1,498 feet above mean sea level. A "1" indicates that the mean basin elevation is above this value and a "2" indicates that the mean basin elevation is below this value.
• Standardized centroid latitude and longitude is the latitude and longitude of the basin centroid, which was standardized by replacing the centroid latitude (and similarly centroid longitude) of each basin with (Latitude -mean (Latitude) divided by the Standard Deviation (Latitude). The standardized latitude and longitude are symmetrically distributed with a mean of zero and a standard deviation of one.
• Centroid latitude and longitude, in decimal degrees, is the latitude and longitude at the centroid of the drainage basin.
• Significant sand and gravel deposits, in square miles plus 0.01, is the total area of sand and gravel deposits in the basin plus 0.01.
• Percent sand and gravel in basin, in percent plus 0.01, is the percentage of the total drainage basin area, which has sand and gravel deposits, to the total drainage basin area plus 0.01.
• Ratio of sand and gravel in basin in contact with stream network to total drainage basin area, in percent plus 0.01, is the percent of drainage basin underlain by sand and gravel, which is in contact with the stream network (based on the intersection of stream centerline data and polygon coverages of sand and gravel deposits) as a percentage of the total drainage-basin area.
• Minimum elevation of sand and gravel deposits, in feet, is the minimum elevation of the sand and gravel deposits based upon DEMs and sand and gravel data.
• Maximum elevation of sand and gravel deposits, in feet, is the maximum elevation of the sand and gravel deposits based upon DEMs and sand and gravel data.
• Mean elevation of sand and gravel deposits, in feet, is the mean elevation of the sand and gravel deposits based upon DEMs and sand and gravel data.
• Maximum sand and gravel deposit elevation above minimum basin elevation, in feet plus 0.01, is the difference in elevation between the maximum and minimum sand and gravel deposit elevations as determined from DEMs and sand and gravel data (plus 0.01).
• Mean sand and gravel deposit elevation above minimum basin elevation, in feet plus 0.01, is the difference in elevation between the mean sand and gravel deposit elevation and the minimum basin elevation based upon DEMs and sand and gravel data (plus 0.01).
• Mean sand and gravel deposit elevation above minimum basin elevation divided by drainage area, in feet plus 0.01, is the difference in elevation between the mean sand and gravel deposit elevation and the minimum basin elevation divided by drainage area and based upon DEMs and sand and gravel data (plus 0.01).
• Relief of sand and gravel deposits, in feet plus 0.01, is the difference between the maximum sand and gravel elevation and minimum sand and gravel elevation based upon DEMs and sand and gravel data (plus 0.01).
• Mean annual and seasonal precipitation, in inches, at a stream-gaging station, is from PRISM average monthly and annual precipitation data from 1961 to 1990. It is based on 2-kilometer grid data. Five parameters were determined based on these data:
• annual gage
• winter gage (January 1 -March 15)
• spring gage (March 16 -May 31)
• summer gage (June 1 -October 31)
• fall gage (November 1 -December 31)
• Mean annual and seasonal precipitation, in inches, at the centroid of the basin, is from PRISM average monthly and annual precipitation data from 1961 to 1990. It is based on 2-kilometer grid data. Five parameters were determined based on these data:
• annual centroid
• winter centroid (January 1 -March 15)
• spring centroid (March 16 -May 31)
• summer centroid (June 1 -October 31)
• fall centroid (November 1 -December 31)
• Mean annual and seasonal precipitation, in inches, as a basin average for the drainage basin, is from PRISM average monthly and annual precipitation data from 1961 to 1990. It is based on 2-kilometer grid data. Five parameters were determined based on these data:
• annual basin
• winter basin (January 1 -March 15)
• spring basin (March 16 -May 31)
• summer basin (June 1 -October 31)
• fall basin (November 1 -December 31)
• Average mean, minimum, and maximum annual and seasonal basin temperature, in degrees Fahrenheit, is based on monthly data acquired from PRISM for 1961-90. It is based on 2-kilometer grid data. The temperature values for the entire month of March were used for each of the seasonal "winter and spring" periods.
• annual basin mean, minimum, maximum
• winter basin mean, minimum, maximum (January 1 -March 31)
• spring basin mean, minimum, maximum (March 1 -May 31)
• summer basin mean, minimum, maximum (June 1 -October 31)
• fall basin mean, minimum, maximum (November 1 -December 31)
• Soil drainage, in percent, is the percentage of drainage basin that is well drained as determined from STATSGO (State Soil Geographic) (Schwarz and Alexander, 1995; and U.S. Department of Agriculture, 1991) data.
• Mean permeability, in inches per hour, is the mean permeability in each basin as determined from STATSGO (Schwarz and Alexander, 1995, and U.S. Department of Agriculture, 1991) data.
• 32fday, in days, is the seasonally and annually determined basinwide average number of days in which the temperature was a minimum of 32 degrees or less. The seasonal value for the month of March was determined by dividing the March value in half (assumes uniform distribution).
• annual basinwide
• winter basinwide (January 1 -March 15)
• spring basinwide (March 16 -May 31)
• summer basinwide (June 1 -October 31)
• fall basinwide (November 1 -December 31)
• Curve_25thquartile, dimensionless, is the curvature of the basin based on a DEM for all of New Hampshire and Vermont and part of Maine and Massachusetts. The area encompasses all of the 60 basins used in this study. The curvature command was used in a grid of the DEM. A slope and a curvature grid were generated. The lowest 25 percent of slope and curvature grid cells were given a value of one while everything else was given a value of zero. These two grids were then cross-multiplied and a grid was produced that identifies those cells representing the lowest 25 percent of both slope and curvature. The curvature grid calculates the curvature of a surface at each cell center and the slope grid show the rate of maximum change in Z value from each cell. Slope is the first derivative of surface; curvature is the second derivative of surface. A negative value indicates that the surface (relative to a best fit plane) is concave at that cell. The basin characteristic is the lowest 25-percent quartile of curvature and slope relative to a best fit plane and indicates the smallest change in Z value from each cell (slope grid) and most curved cell surfaces (curvature grid). This grid was intersected with the basin grids to obtain percent flat and curved in each basin.
• Curve cell_relief, dimensionless, is the relief (maximum -minimum) of curvature of the basin grid surface at each cell center for each basin.
• Profile curve (mean, minimum, maximum), dimensionless, is the average curvature of the grid surface at each cell center in the direction of slope for each basin.
• Total stream length, in miles, is the total length of all streams in the basin.
• Area of water bodies, in square miles plus 0.01, is the total area of water bodies in the basin.
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• Percent water bodies, in percent plus 0.01, is the percent of each drainage basin that contains a body of water.
• Area of sand and gravel in contact with the stream network, in square feet plus 0.01, is the total area of sand and gravel in each drainage basin in contact with the stream network.
• Ratio of sand and gravel deposits to streams which are in contact with the sand and gravel deposits in the basin, in miles plus 0.01, is the ratio of the square miles of sand and gravel deposits to the miles stream length in contact with the sand and gravel deposits plus 0.01.
• Ratio of sand and gravel deposits to the total stream length in the basin, in miles plus 0.01, is the ratio of the square miles of sand and gravel deposits to the miles of total stream length plus 0.01. The stream centerline data was intersected with the polygon coverages of sand and gravel deposits.
• Annual snowfall, in inches, is the mean annual basin average snowfall for each of the basins based on monthly data acquired from 2-kilometer PRISM grid data from 1961 to 1990.
• Forest coverage, in percent, is National Land Cover Dataset (NLCD) data used to determine the percent of the basin that is forested.
• Deciduous forest, in percent, is the percent of the basin that is deciduous. Defined in NLCD metadata as areas dominated by trees where 75 percent or more of the tree species shed foliage simultaneously in response to seasonal change.
• Coniferous forest, in percent, is the percent of the basin that is coniferous. Defined in NLCD metadata as areas dominated by trees where 75 percent or more of the tree species maintain their leaves all year. Canopy is never without green foliage.
• Mixed Coniferous / Deciduous forest, in percent, is the percent of the basin that is mixed coniferous and deciduous. Defined in NLCD metadata as areas dominated by trees where neither deciduous nor evergreen species represent more than 75 percent of the cover present.
Hypsometric curve area, dimensionless, is the area under the curve for a hypsometric curve of the basin elevation. Elevation data was grouped in equal-area classifications to create a hypsometric curve and the area under the curve was determined by summing the products of elevation and basin area above a given maximum elevation for each of the particular equal area groupings.
